Introduction {#sec1}
============

Retinopathy of prematurity (ROP) is known as an ischemic neovascularization disease that mainly affects preterm infants. It has long-term adverse effects on vision development and is considered one of the leading causes of blindness in children worldwide.[@bib1]

In our previous studies, we found that inhibiting microglial activation using minocycline could aggravate visual injury and vasculopathy in mice with oxygen-induced retinopathy (OIR).[@bib2] We also found that microglial density was much higher in BALB/c mice than in C57 mice.[@bib3] Studies also showed that, in a model of OIR, C57 mice exhibited significant vascular destruction and neovascular tuft formation,[@bib4] whereas BALB/c mice, under the same conditions, did not form obvious neovascular tufts, and the central avascular area revascularized very quickly after a return to normoxia.[@bib3] Further differences in retinal microglial density might contribute to the difference in vascular manifestations between these strains.[@bib5]

Microglial cells are traditionally considered innate immune cells, but, recently, the concept that microglial cells are more than just inflammatory cells has become accepted because of the discovery that these cells also participate in normal development of the central nervous system (CNS).[@bib6] Moreover, microglia also takes part in normal vascular development in the retina, which has been demonstrated by several studies.[@bib7], [@bib8], [@bib9] However, the role of microglia in vascular development has never been explicitly tested.

Exosomes are small membrane particles, 40∼150 nm in diameter, that form by exocytosis of multivesicular bodies and play diverse biochemical roles in intercellular communication through the transfer of microRNAs (miRNAs), mRNAs, and proteins to recipient cells. Thus, studies of the formation, cargo loading, trafficking, function, and clinical applications of exosomes have increased considerably in recent years.[@bib10]

Recent work has demonstrated that exosomes derived from microglial cells participate in many neurodegenerative diseases.[@bib11], [@bib12] Moisseiev et al.[@bib13] have demonstrated that exosomes derived from human mesenchymal stem cells decrease the severity of retinal ischemia in OIR mice by protecting retinal cells from death or apoptosis and decreasing retinal neovascular formation.

Here we hypothesize that exosomes derived from microglia could be beneficial for the treatment of photoreceptor injuries and could suppress the secretion of pro-angiogenic factors during ROP, suggesting a better option for ROP treatment. Therefore, the present study primarily investigated whether microglia-derived exosomes (microglia-Exos) could enhance photoreceptor survival and decrease pro-angiogenic factor secretion mediated by hypoxia *in vitro*. More importantly, an OIR model was established, and intravitreal injection of microglia-derived exosomes was performed to detect vasculopathy and changes in visual function.

Results {#sec2}
=======

Characterization of Microglia-Derived Exosomes {#sec2.1}
----------------------------------------------

Transmission electron microscope (TEM) and western blotting were performed to identify particles purified from microglial cells. The TEM images showed that the extracted particles had a round morphology with a size of approximately 40∼100 nm ([Figure 1](#fig1){ref-type="fig"}A). Characteristic biomarkers of exosomes, including Cluster of Differentiation 9 (CD9), CD63, and Alix, were expressed at higher levels in the collected particles than in microglial cell lysates ([Figure 1](#fig1){ref-type="fig"}B). These results suggest that particles isolated from microglial cells were highly enriched in exosomes.Figure 1Characterization of Microglia-Derived Exosomes(A) Transmission electron microscopy (TEM) was used to observe the morphology of microglia-derived exosomes. The diameter of exosomes was approximately 40∼100 nm. Scale bar, 200 nm. (B) Western blot results demonstrating exosome-enriched medium with high expression of the exosome markers Alix, CD9, and CD63 and low levels of β-actin.

Microglia-Derived Exosomes Alleviate Oxygen-Induced Retinal Vaso-obliteration and Neovascularization {#sec2.2}
----------------------------------------------------------------------------------------------------

To determine whether microglia-derived exosomes could be beneficial for OIR mice, microglia-derived exosomes and an equal volume of PBS were injected into the left and right eye, respectively, on post-natal day 13 (P13). Retinal whole-mount fluorescent staining with isolectin was conducted to visualize the retinal vasculature ([Figure 2](#fig2){ref-type="fig"}A). On P16 and P17, the central avascular area in microglia-derived exosome-treated OIR pups was reduced in comparison with that in PBS-treated controls, and some microglia-derived exosome-treated retinas were fully revascularized in the central area, as shown in [Figure 2](#fig2){ref-type="fig"}A. More importantly, microglia-derived exosome-treated eyes showed a significant reduction in the area of retinal neovascularization tufts. Further, vascular endothelial growth factor (VEGF) staining of retinal cryosections showed that microglia-derived exosomes significantly decreased the expression of VEGF on P17 ([Figure 2](#fig2){ref-type="fig"}B). Retinal VEGF mRNA levels were also measured by real-time qPCR on P16 and P17 after the OIR mice were treated with or without microglia-derived exosomes. As expected, these levels were significantly lower in microglia-derived exosome-treated retinas than in PBS-treated controls ([Figure 2](#fig2){ref-type="fig"}C). VEGF protein levels in the retinas of both treatment groups (microglia-derived exosomes and PBS) were also analyzed by western blotting using whole retinal protein extracts and immunostaining. Consistent with the real-time qPCR data, suppression of VEGF expression was apparent in microglia-derived exosome-treated retinas ([Figure 2](#fig2){ref-type="fig"}D).Figure 2Microglia-Derived Exosomes Inhibit Retinal Neovascular Formation and VEGF mRNA and Protein Expression *In Vivo*(A) Microglia-derived exosomes promoted re-vascularization of retinal avascular areas and inhibited retinal neovascular areas in oxygen-induced retinopathy (OIR) mice on P16 and P17. Scale bars, 500 μm. (B) Microglia-derived exosomes significantly inhibited VEGF expression in the retinas of OIR mice, which was detected in retinal cryosections. Scale bars, 50 μm. (C and D) Microglia-derived exosomes suppressed VEGF mRNA (C) and protein (D) expression in whole retinas of OIR mice. Microglia-derived exosomes were injected into the vitreous body of OIR mice, and PBS was used as a negative control. All data are expressed as the mean ± S.D., n = 3. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001 compared with each corresponding control group.

Microglia-Derived Exosomes Alleviate Visual Injury in an OIR Animal Model {#sec2.3}
-------------------------------------------------------------------------

We next measured electroretinography (ERG) data on P25 from microglia-derived exosome- and PBS-treated eyes as well as normal eyes. The representative recordings provided a comparison of the b-wave amplitudes of the scotopic and photopic phases, the a- and b-wave maximal amplitudes, and P3 amplitudes of the oscillatorypotential (OP) response in PBS- or microglia-derived exosome-treated eyes. It was observed that ERG amplitude was decreased in OIR mice and that microglia-derived exosomes alleviated this injury ([Figure 3](#fig3){ref-type="fig"}A).Figure 3Microglia-Derived Exosomes Improve Visual Function and Decrease Retinal Photoreceptor Apoptosis in OIR Mice(A) Scotopic electroretinography (ERG) measurements, maximal ERG response, OP measurements, and photopic ERG measurements in the microglia-derived exosomes injection groups, control groups, and normal groups. b-wave amplitude of scotopic ERG and photopic ERG, a- and b-wave amplitude of the maximal ERG response, and the P3 amplitude of OP responses were recorded and compared between microglia-derived exosome injection groups, control groups, and normal groups. (B) Representative images of TUNEL (red) staining in retinal cryosections of microglia-derived exosomes and control groups. Arrows point to the apoptosis nucleus. Quantification of TUNEL-positive cells in the two groups is shown, with the number of TUNEL-positive nuclei (red) in the retina (5 mm in length). Scale bars, 50 μm. All data are expressed as the mean ± S.D., n = 3. \*p \< 0.05, \*\*p \< 0.01, compared with each corresponding control group.

In the OIR animal model, it has been found that the outer and inner segments of the photoreceptors were disorganized and dysmorphic.[@bib14] Because ERG data demonstrated better visual function in microglia-derived exosome-treated eyes, we expected to see less apoptosis in the retinas of these eyes compared with PBS controls. Terminal deoxynucleotidyl transferase (TdT)-mediated DUTP nick end labeling (TUNEL) was used to compare apoptosis in retinas of P17 pups. [Figure 3](#fig3){ref-type="fig"}B shows the number of apoptotic nuclei in the retinal outer nuclear layer of PBS-treated and exosome-treated OIR pups. We observed a more than 50% reduction in the number of apoptotic nuclei in microglia-derived exosome-treated retinas compared with PBS controls.

Microglia-Derived Exosomes Alleviate Hypoxia-Induced Photoreceptor Apoptosis by Suppressing Endoplasmic Reticulum (ER) Stress {#sec2.4}
-----------------------------------------------------------------------------------------------------------------------------

ER stress is responsible for cell apoptosis, which can be triggered by hypoxia. We first examined whether hypoxia could induce ER stress in 661W cells. As expected, binding immunoglobulin protein (BIP; GRP78), inositol-requiring enzyme 1α (IRE1α), and pancreatic ER kinase (PKR)-like ER kinase (PERK) protein expression levels were induced by hypoxia (1% O~2~) ([Figure 4](#fig4){ref-type="fig"}A). Western blot results also revealed that hypoxia induced apoptosis in 661W cells in a time-dependent manner. Subsequently, we treated 661W cells with microglia-derived exosomes (at a concentration of 5 μg/mL) and found that this treatment could alleviate hypoxia-induced cell apoptosis ([Figure 4](#fig4){ref-type="fig"}B). For this, 661W cells were pre-treated with microglia-derived exosomes for 12 h and then challenged by hypoxia for another 12 h. To illustrate the mechanism by which microglia-derived exosomes decrease apoptosis under conditions of hypoxia, we determined the protein expression of IRE-1α and phosphor-protein kinase-like endoplasmic reticulum kinase (p-PERK) after exosome treatment. We found that IRE1α, but not p-PERK, was significantly decreased. We also measured the protein levels of X-box binding protein 1 (XBP1), CCAAT/enhancer-binding protein homologous protein (CHOP), and phosphorylated c-Jun N-terminal kinase (JNK), which are downstream of IRE1α and associated with apoptosis. Western blotting revealed that microglia-derived exosomes could also decrease IRE1α downstream activation ([Figure 4](#fig4){ref-type="fig"}B). Further, knockdown of IRE1α blocked hypoxia-induced apoptosis in 661W cells ([Figure 4](#fig4){ref-type="fig"}C). These results indicate that microglia-derived exosomes might alleviate hypoxia-induced apoptosis in 661W cells by inhibiting the IRE1α-XBP-1 pathway.Figure 4Microglia-Derived Exosomes Alleviate Hypoxia-Induced Photoreceptor Apoptosis by Inhibiting Endoplasmic Reticulum (ER) Stress(A) Hypoxia was found to increase the expression of Hif-1α, GRP78, p-PERK, IRE1α, p-JNK, XBP-1, CHOP, and Cleaved caspase-3 in 661W cells. (B) Microglia-derived exosomes inhibited the hypoxia-induced increase in IRE1α and downstream molecules but not p-PERK. (C) Microglia-derived exosomes inhibited apoptosis induced by hypoxia in 661W cells. (D and E) Downregulating IRE1α using small interfering RNA (siRNA) decreased p-JNK, XBP-1, and CHOP (D) and apoptosis (E) caused by hypoxia in 661W cells. All data are expressed as the mean ± S.D., n = 3. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, compared with each corresponding control group.

Microglia-Derived Exosomes Alleviate ER Stress in the Retinas of OIR Mice {#sec2.5}
-------------------------------------------------------------------------

IRE1α and its downstream molecules were detected by real-time qPCR or western blotting in P16 and P17 specimens, when neovascular formation is most prominent. The western blot results showed that intravitreal injection of microglia-derived exosomes could decrease the expression of IRE1α, phospho-c-Jun N-terminal kinase (p-JNK), XBP-1, CHOP, and Cleaved caspase-3 in the retinas of OIR mice ([Figure 5](#fig5){ref-type="fig"}A). Real-time qPCR was then used to assess CHOP mRNA levels, and the results demonstrated that exosomes could also decrease the expression of this marker in the retinas of OIR mice ([Figure 5](#fig5){ref-type="fig"}B).Figure 5Intravitreal Injection of Microglia-Derived Exosomes Decreases ER Stress in the Retina of OIR Mice(A) Representative western blot analysis of IRE1α, p-JNK, XBP-1, CHOP, and Cleaved caspase-3 in microglia-derived exosome-treated and control retinas of OIR mice. (B) Relative expression of CHOP mRNA in microglia-derived exosome-treated and control retinas of OIR mice. All data are expressed as the mean ± S.D., n = 3 in each group. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, compared with each corresponding control group.

Detection of miRNA in Microglia-Derived Exosomes {#sec2.6}
------------------------------------------------

Studies have demonstrated that miRNAs can be delivered between neighboring cells. Here we focused on identification of miRNAs that were transferred from microglia to photoreceptors. We investigated the miRNA expression profiles of microglia-derived exosomes using Illumina HiSeq 2500 high-throughput sequencing (miRNA-seq) and found that miR-24-3p, miR-129-5p, miR-378a-3p, miR-140-3p, miR-151-3p, miR-27b-3p, and miR-21-5p were most highly expressed among the detected miRNAs ([Figure 6](#fig6){ref-type="fig"}A). Moreover, real-time qPCR analysis was conducted to determine the levels of these highly expressed miRNAs. Consistent with miRNA-seq, real-time qPCR showed that the levels of miR-24-3p were highest among exosomes derived from microglia.Figure 6miR-24-3p Is Highly Expressed in Microglia-Derived Exosomes and Can Be Shuttled into Photoreceptors(A) Ion torrent/microRNA sequencing (MiSeq) found that the highest-expressed miRNAs in microglia-derived exosomes included miR-24-3p, miR-129-5p, miR-378a-3p, miR-140-3p, miR-151-3p, miR-27b-3p, and miR-21a-5p. Real-time qPCR was used to assess the relative expression of these seven miRNAs. (B) Fluorescence microscopy analysis of PKH67-labeled (green) microglia-derived exosome internalization by 661W cells. The cell skeleton was stained with (b2) or without (b1) phalloidin (red), and nuclei were stained with DAPI (blue) (b2). The green-labeled exosomes were visible in the perinuclear region of recipient cells. Scale bars, 20 μm. (C) 661W cells incubated with microglia-derived exosomes exhibited higher levels of miR-24-3p than the control at different time points. All data are expressed as the mean ± S.D., n = 3 per group. \*p \< 0.05, \*\*\*p \< 0.001, compared with the PBS group (control).

Microglia-Derived Exosomes Shuttle miR-24-3p into Photoreceptors {#sec2.7}
----------------------------------------------------------------

To determine whether microglia-derived exosomes could be transferred to 661W cells, microglia-derived exosomes were labeled with PKH67 and then incubated with 661W cells. After 12 h, 661W cells were washed with PBS to remove unbound exosomes, the cytoskeleton was stained with phalloidin, and the nucleus was stained with DAPI. The results showed that PKH67-labeled exosomes were transferred to 661W cells, mainly around the perinuclear region ([Figure 6](#fig6){ref-type="fig"}B). To verify the transfer of miR-24-3p to 661W cells, real-time qPCR was performed to estimate miR-24-3p levels in microglia-derived exosome-treated 661W cells. As shown in [Figure 6](#fig6){ref-type="fig"}C, miR-24-3p levels in 661W cells were increased significantly after the cells were incubated with microglia-derived exosomes for 12 h. These results indicate that miR-24-3p could be transferred successfully into target cells.

miR-24-3p Mediates the Anti-apoptotic Effects of Microglia-Derived Exosomes on Photoreceptors by Inhibiting IRE1α {#sec2.8}
-----------------------------------------------------------------------------------------------------------------

We then investigated the effect of miR-24-3p on inhibiting hypoxia-induced photoreceptor apoptosis. First, we found that miR-24-3p mimics had the same effect as microglia-derived exosomes on inhibiting hypoxia-induced apoptosis in 661W cells, whereas the inhibitory effect of microglia-derived exosomes was attenuated by a specific inhibitor targeting miR-24-3p. This indicated that miR-24-3p is responsible for suppressing hypoxia-induced apoptosis in 661W cells. Previous results suggested that the IRE1α-XBP-1 pathway, involved in ER stress, mediates hypoxia-induced 661W cell apoptosis. In addition, it was predicted that ERN1 (IRE1α) is a target of miR-24-3p based on analysis by the TargetScan system ([Figure 7](#fig7){ref-type="fig"}A). Western blot analysis confirmed downregulation of IRE1α and downstream molecules in the miR-24-3p mimic group of hypoxic 661W cells, which was similar to that observed in the microglia-derived exosomes group ([Figure 7](#fig7){ref-type="fig"}B). Cell apoptosis rates were also decreased in mimic-treated hypoxic 661W cells ([Figure 7](#fig7){ref-type="fig"}C). Results also demonstrated that, although microglia-derived exosomes decreased the protein levels of IRE1α in hypoxia-treated 661W cells, a miR-24-3p inhibitor markedly reversed this effect ([Figure 7](#fig7){ref-type="fig"}B). Cell apoptosis rates were also higher in inhibitor-treated hypoxic 661W cells than in exosome-treated hypoxic cells ([Figure 7](#fig7){ref-type="fig"}C). These results verified that IRE1α is a direct target of miR-24-3p in 661W cells and that microglia-derived exosomes can decrease hypoxia-induced apoptosis by transferring miR-24-3p to target cells.Figure 7miR-24-3p Exerts Its Functions by Inhibiting IRE1α Expression(A) The predicted miR-24-3p binding sequence at the 3′ UTR of ERN1 (IRE1α) mRNA. (B) Representative western blot analysis of IRE1α, p-JNK, XBP-1, and CHOP in the miR-24-3p mimic or negative control, exosome-treated, and miR-24-3p inhibitor groups in response to hypoxia. (C) Comparison of apoptosis rates among these four groups. All data are expressed as the mean ± S.D., n = 3. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, compared with each corresponding control group.

Microglia-Derived Exosomes Suppress Angiogenic Factor Expression Induced by Hypoxia {#sec2.9}
-----------------------------------------------------------------------------------

To assess the effects of microglia-derived exosomes on the expression of angiogenic factors, hypoxic 661W cells were treated with microglia-derived exosomes or an equal volume of PBS. Real-time qPCR or western blot analysis was then performed to determine VEGF and transforming growth factor β (TGF-β) expression. The results showed that hypoxia significantly promoted the transcription of VEGF and TGF-β, whereas exosome treatment markedly suppressed VEGF and TGF-β mRNA and protein expression as well as phosphorylation of protein kinase B (Akt) and extracellular regulated protein kinase (ERK) ([Figure 8](#fig8){ref-type="fig"}A). The conditioned media of normoxic, hypoxic, and microglia-derived exosome-treated hypoxic 661W cells were then used to culture endothelial cells, and tube formation capacity was assessed. The results showed that hypoxic 661W supernatant could promote tube formation *in vitro*, whereas exosome-treated hypoxic supernatant diminished this effect ([Figure 8](#fig8){ref-type="fig"}B). These results demonstrated that exosomes might inhibit the expression of angiogenic factors by targeting phosphatidylinositol 3-kinase (PI3K)/Akt and ERK signaling in hypoxic 661W cells and that downregulation of these angiogenic factors can decrease angiogenesis in the retina.Figure 8miR-24-3p Inhibits the Expression of Pro-angiogenic Factors by Inhibiting Akt and ERK Activation(A) Representative western blot analysis of VEGF, TGF-β, p-Akt/Akt, and p-ERK/ERK in normoxia-, hypoxia-, and exosome-administered hypoxia-treated 661W cells. (B) Relative expression of VEGF and TGF-β mRNA and protein in exosome-treated and control 661W cells. (C) Tube formation in endothelial cells exposed to different 661W cell supernatants. Scale bar, 100 μm. All data are expressed as the mean ± S.D., n = 3. \*p \< 0.05, \*\*p \< 0.01.

Discussion {#sec3}
==========

Exosomes have been studied for more than 30 years, and recent studies have confirmed that they contain large amounts of small RNAs, especially miRNAs.[@bib15] In our study, we found that exosomes purified from the supernatant of microglial cells alleviated vasculopathy and vision injury in an ROP animal model. We also demonstrated that microglia-derived exosomes could be internalized into photoreceptors *in vitro* and inhibit hypoxia-induced photoreceptor apoptosis via the ER stress pathway and IRE-1α-XBP-1/JNK-CHOP signaling through the transfer of miR-24-3p. We also demonstrated that the exosomes could inhibit the expression of pro-angiogenic factors in photoreceptors *in vitro*, including VEGF and TGF-β, by inhibiting the phosphorylation of Akt and ERK. Our results suggest that microglia might play a beneficial role in ROP. Hypoxia-induced photoreceptor injury is obvious in both ROP infants and OIR animal models.[@bib16], [@bib17] It is well known that ROP occurs when the neural retina is still immature. Development of photoreceptors is the last step in maturation of the neural retina, which can be vulnerable to ischemic and hypoxic injury. Clinical ERG data showed that photoreceptor sensitivity is lower in ROP subjects than in age-similar controls in the infancy period and the older age stage.[@bib16], [@bib17], [@bib18], [@bib19] Spectral domain OCT (optical coherence tomography) has been used to observe retinal development in infants and analyze retinal structure in ROP patients, and the data showed that the fovea is shallower in ROP subjects than in full term-born individuals. Some researchers have suggested that this might be caused by a failure in centrifugal migration of the post-receptor structure.[@bib20], [@bib21] Moreover, in ROP animal models, the b-wave of the ERG was found to be aberrant.[@bib22], [@bib23] These data show that photoreceptors are vulnerable and might be impaired in ROP patients and OIR animal models.

In our study, we created a model of hypoxia to assess photoreceptor cells *in vitro* and found that hypoxia led to apoptosis. We also showed that exosomes derived from microglial cells could alleviate hypoxia-induced photoreceptor apoptosis *in vivo* and *in vitro*. Accumulating studies have focused on the mechanism of apoptosis and ER stress.[@bib24], [@bib25], [@bib26] Because the ER mediates protein synthesis, folding, and Ca^2+^ maintenance, ER disruption results in apoptosis and death through several mechanisms. In response to ER stress, cells activate the ER stress-specific defense system,[@bib27] and IRE1α acts as the main ER stress transducer;[@bib28], [@bib29] however, its role in hypoxia-induced photoreceptor cells was not fully understood. We found that ER stress plays an important role in hypoxia-induced photoreceptor apoptosis. The IRE1α and PERK pathways appear to be activated by hypoxia in photoreceptors, and exosomes derived from microglia have been found to inhibit the increase in IRE1α, but not PERK, which indicates that components of the exosomes might inhibit hypoxia-induced cell apoptosis via the IRE1α pathway but not the PERK pathway. We thus transfected photoreceptors with IRE1α small interfering RNA (siRNA), and the results showed that apoptosis was alleviated, suggesting that microglia-derived exosomes could suppress hypoxia-induced photoreceptor apoptosis mainly by inhibiting IRE1α expression.

miRNAs comprise a class of 20- to 24-nt, small non-coding RNAs that act as inhibitors of target gene expression by inducing mRNA degradation or translational repression. miR-24-3p has been confirmed to prevent apoptosis in several types of cells.[@bib30], [@bib31], [@bib32] We found that miR-24-3p was highly expressed in microglia-derived exosomes. After incubation with exosomes, miR-24-3p was highly expressed in photoreceptor cells, indicating that this microRNA could be shuttled to photoreceptor cells and function in these cells. Further, the results showed that upregulating miR-24-3p results in significant inhibition of apoptosis. Based on miRNA target software, we found that IRE1α was a target of miR-24-3p; accordingly, in hypoxia-treated photoreceptor cells, exosomes from microglial cells were found to suppress the expression of IRE1α and downstream molecules associated with ER stress. Addition of miR-24-3p inhibitors to exosome-treated photoreceptors partially reversed the effect of exosomes, indicating that miR-24-3p from microglia-derived exosomes inhibits apoptosis via IRE1α.

Retinal hypoxia is also the main factor leading to upregulation of pro-angiogenetic factors, including VEGF, TGF-β, insulin-like growth factor 1, and erythropoietin, among others, which ultimately leads to the formation of retinal neovascularization.[@bib33], [@bib34] Among these, VEGF is considered the most important factor involved in the retinal neovascularization process. Photoreceptors consume abundant amounts of oxygen in the retina, which could aggravate retinal hypoxia and angiogenesis upon hypoxia. Previous results have demonstrated that, in an ROP animal model, VEGF expression was lower in mice with retinal degeneration,[@bib35] which means that photoreceptors could be an important source of pro-angiogenetic factors. We found that hypoxia could increase VEGF and TGF-β mRNA and protein expression in photoreceptors, indicating that photoreceptor cells could be a main source of VEGF and TGF-β in the hypoxic retina. Therefore, to avoid damage, it is important to prevent photoreceptor apoptosis and inhibit increased expression of pro-angiogenic factors under conditions of hypoxia.

In our study, we found that microglia-derived exosomes could inhibit the elevated expression of VEGF induced by hypoxia. *In vivo*, we found that intravitreal injection of exosomes could decrease the expression of VEGF in the retina of OIR mice on P16 and P17, a time when VEGF is highly expressed and neovascular formation is most obvious. *In vitro*, we also found that hypoxia induces an increase in VEGF in photoreceptor cells, whereas exosomes inhibited this effect. We also used conditioned medium from exosome-treated photoreceptor cells to treat endothelial cells and found that this could dampen tube formation compared with medium from PBS-treated photoreceptor cells. We suggest that resident microglial cells might also have this effect. In our previous studies, we demonstrated that microglial density is substantially different between retinas of C57 mice and BALB/c mice or SD rats. Moreover, animals with higher retinal microglial density exhibited fewer neovascular tufts. We performed intravitreal injection of clodronate liposomes to decrease the density of microglial cells and demonstrated severe retinopathy in a BALB/c OIR model.[@bib3] This suggests that microglial cells might have an advantageous role in ROP progression and that this effect might occur through exosomes.

It is well known that, in ROP patients, hypoxia induces retinal neovascularization, which is mainly due to upregulation of pro-angiogenic factors, including VEGF. Injection of anti-VEGF antibodies has been shown to be effective for ROP in recent years. Several clinical trials have demonstrated that these, like ranibizumab, can reverse pathologic angiogenic changes, slow down the progression of severe ROP, and induce the development of physiologic retinal vasculature.[@bib36], [@bib37], [@bib38]

Studies have also demonstrated possible adverse effects of anti-VEGF therapy in ROP, including suppression of organ development and long-term systemic safety.[@bib39], [@bib40] However, it is obvious that regulating VEGF is beneficial for ROP treatment. Exosomes represent a newly emerging mode of communication between cells and have provided new insights into the pathophysiology of several diseases. In recent years, exosomes derived from cells have been considered diagnostic and therapeutic modalities for numerous diseases.[@bib41] In our study, we found that microglia-derived exosomes could have a protective effect against ischemic retinal disease. Our study has some shortcomings. Because it was a mimic of what happens *in vivo*, our findings showed that microglial exosomes could enter photoreceptor cells and play their role. However, we cannot make sure what happened *in vivo*. Therefore, we hope that some studies can check the role of these exosomes in cells in the inner retina or hyaloid, such as endothelial cells. We will design some experiments regarding this in the future.

Primary human microglial cells are not easily characterized and isolated, which is why we did not use these cells in our study. However, some methods are currently used to isolate and culture microglial cells with altered characteristics.[@bib42] Recently, Muffat et al.[@bib43] developed an efficient method to generate microglia-like cells from human embryonic stem cells and induced pluripotent stem cells from control and diseased subjects. Therefore, we hope that autogenous cell-derived exosomes might become a novel treatment option for retinopathy.

Materials and Methods {#sec4}
=====================

Animals {#sec4.1}
-------

Mature (8-week-old) C57BL/6J male and female mice were purchased from the animal research center at the Fourth Military Medical University. The protocols we used complied with the NIH Guide for the Care and Use of Laboratory Animals (NIH publication 8023, revised 1978) and the Institutional Animal Ethics Committee of the Fourth Military Medical University.

BV2 Microglial Culture and Microglial Exosome Isolation {#sec4.2}
-------------------------------------------------------

BV2 microglial cells were donated by the Institute of Neurosciences at the Fourth Military Medical University. Cells were routinely cultured in DMEM (HyClone, USA) containing 10% fetal bovine serum (FBS; HyClone) at 37°C. For the isolation of exosomes, microglia were cultured in FBS-free DMEM culture for 48 h, and the supernatant of the cell culture medium was collected and centrifuged at 300 × *g* for approximately 10 min to remove free cells. Then the supernatant was transferred into a sterile centrifuge tube. The tubes were centrifuged at 2,000 × *g* for approximately 10 min and then at 10,000 × *g* for 30 min to remove cell debris and cell particles. Then a 0.22-μm filter (Millipore, Sigma) was used to filter the supernatant to remove particles. Ultracentrifugation was used to isolate exosomes at 100,000 × *g* for 70 min. We collected the pelleted exosomes, washed them with PBS, centrifuged them again at 100,000 × *g* for 70 min, and re-suspended the pellet in 100 μL of PBS. All procedures were conducted at 4°C. Exosomes were stored at −80°C for less than 1 week or used immediately for downstream experiments. The bicinchoninic acid method (Beyotime Biotechnology) was used to determine protein concentrations.

Microglial Exosome Identification {#sec4.3}
---------------------------------

For exosome identification, TEM (HT7700; Hitachi, Tokyo, Japan) was used to observe the morphology of particles in the pellets. This method has been described previously.[@bib44] In addition, biomarkers of exosomes, including CD9, CD63, and Alix, were detected by western blot analysis (as described subsequently).

Mouse Model of OIR {#sec4.4}
------------------

The pups, together with their mothers, were placed in a high-oxygen chamber on P7 for 5 days, and the oxygen volume fraction was 75% ± 2%. On P12, all animals were returned to room air (normoxic conditions). The mice were treated with standard water and diet.

Intravitreal Injection of Microglia Exosomes {#sec4.5}
--------------------------------------------

OIR mice on P13 were anesthetized, and a 2.5-μL 34G Hamilton syringe (Hamilton, Reno, NV, USA) was used to make intravitreal injections; specifically, 1 μL of microglial exosome solution (1 mg/mL) was injected into the vitreous cavity of the left eye, and 1 μL of PBS was injected into the right eye as a control.

Retinal Flatmounts {#sec4.6}
------------------

On P17, mice were anesthetized, and the eyeballs were enucleated and fixed in 4% paraformaldehyde (PFA) for 2∼4 h. Retinas were dissected and placed in 4% PFA overnight and incubated with 1% Triton X-100 and 1% BSA at 4°C overnight. Retinas were then cut into petals and stained with griffonia simplicifolia lectin-isolectin B4 (GSL-IB4) isolectin (1:100, Vector Laboratories, USA) at 4°C for 12 h in the dark. Then we transferred the whole flatmounts to glass slides and observed and captured images using a microscope.

Retinal Cryosections and Immunofluorescence Staining {#sec4.7}
----------------------------------------------------

The enucleated eyes without the cornea, lens, and vitreous were embedded in Tissue-Tek optimal cutting temperature compound (Sakura Finetek, Torrance, USA), and 8-μm serial sections were then produced (CM1800; Leica Instruments, Heidelberg, Germany). The slides were incubated with an anti-VEGF antibody (1:200, Abcam, UK) in a humidified chamber overnight at 4°C. Then the slides were incubated with secondary antibodies for 3 h at room temperature in the dark, and Alexa Fluor 488-conjugated goat anti-rabbit immunoglobulin G (IgG; Invitrogen) was used. Finally, the slides were labeled with DAPI (Invitrogen) and observed under a FluoView 1000 microscope (Olympus, Japan).

Real-time qPCR Analysis {#sec4.8}
-----------------------

Total RNA from 661W cells and retinal tissues was extracted using Trizol reagent (Invitrogen, USA) following the manufacturer's protocol. A cDNA synthesis kit (TAKARA, Japan) was used to synthesize cDNA from mRNA. Amplification was then performed using a kit (SYBR Premix EX Taq, TARKARA) and the ABI PRISM 7500 real-time PCR system. β-Actin served as a reference control. The primers used for real-time qPCR were as follows: CHOP-forward: 5′-GGAACCTGAGGAGAGAGTGTTC-3′, CHOP-reverse: 5′-AAGGTGAAAGGCAGGGACTC-3′; VEGF-forward: 5′-TATTCAGCGGACTCACCAGC-3′, VEGF-reverse: 5′-AACCAACCTCCTCAAACCGT-3′; TGF-β-forward: 5′- GACCGCAACAACGCCATCTA-3′, TGF-β -reverse: 5′- GGCGTATCAGTGGGGGTCAG-3′; β-actin-forward: 5′-CATCCGTAAAGACCTCTATGCCAAC-3′, β-actin-reverse: 5′-ATGGAGCCACCGATCCACA-3′.

Quantification of miR-24-3p miR-129-5p, miR-378a-3p, miR-140-3p, miR-151-3p miR-24-3, and miR-21-5p were performed with a stem-loop real-time PCR miRNA kit (Ribobio, Guangzhou, China). miRNA primer was also obtained from Ribobio (Guangzhou, China). Fold induction was calculated using the Ct method: ΔΔCt = (CtTarget miRNA−CtU6) − (CtmiR-21-5p−CtU6), and the final data were derived from 2−ΔΔCt.

The primers used for real-time qPCR were as follows: miR-24-3p-forward: 5′-GCCGAGTGGCTCAGTTCAG-3′, miR-24-3p-reverse: 5′-CTCAACTGGTGTCGTGGA-3′; miR-129-5p-forward: 5′- GCCGAGCTTTTTGCGGTCT-3′, miR-129-5p-reverse: 5′-CTCAACTGGTGTCGTGGA-3′; miR-378a-3p-forward: 5′-GCCGAGACTGGACTTGGAG-3′, miR-378a-3p-reverse: 5′-CTCAACTGGTGTCGTGGA-3′; miR-140-3p-forward: 5′-GCCGAGTACCACAGGGTAGA-3′, miR-140-3p-reverse: 5′-CTCAACTGGTGTCGTGGA-3′; miR-151-3p-forward: 5′-GCCGAGCTAGACTGAGGCT-3′, miR-151-3p-reverse: 5′-CTCAACTGGTGTCGTGGA-3′; miR-24-3p-forward: 5′-GCCGAGTGGCTCAGTTCAG-3′, miR-24-3p-reverse: 5′-CTCAACTGGTGTCGTGGA-3′; miR-21-5p-forward: 5′-GCCGAGTAGCTTATCAGACTG-3′, miR-21-5p-reverse: 5′-CTCAACTGGTGTCGTGGA-3′; U6-forward: 5′-CGCTTCGGCAGCACATATAC-3′, U6-reverse: 5′-TTCACGAATTTGCGTGTCAT-3′.

Western Blot Analysis {#sec4.9}
---------------------

Cells or retinal tissue were lysed using lysis buffer (Beyotime Biotechnology, China) containing a protease inhibitor. The bicinchoninic acid method (Beyotime Biotechnology) was used to determine protein concentrations. Then 20 μg of protein was added and fractionated on 10% or 12% SDS-PAGE gels, after which the protein was electroblotted onto polyvinylidene fluoride membranes (Millipore, USA). Next, 5% nonfat dry milk in Tris buffered saline with Tween 20 (TBST) buffer was used to block the membranes. Then the membranes were incubated with primary antibodies overnight at 4°C as follows: anti-CD9 (1:500, Abcam), anti-CD63 (1:200, Abcam), anti-Alix (1:1,000, Abcam), anti-Hif1α (1:1,000, Abcam), anti-GRP78 (1:1,000, Proteintech, Wuhan, China), anti-p-PERK (1:200, Santa, USA), anti-CHOP (1:1,000, Proteintech), anti-XBP1 (1:1,000, Proteintech), anti-ATF6 (1:1,000, Proteintech), anti-IRE1α (1:1,000, Abcam), anti-Cleaved caspase-3 (1:1,000, Cell Signaling Technology, USA), anti-p-JNK (1:1,000, Cell Signaling Technology), anti-p-Akt (1:1,000, Cell Signaling Technology), anti-Akt (1:1,000, Cell Signaling Technology), anti-phosphor-extracellular regulated protein kinase (p-ERK; 1:1,000, Cell Signaling Technology), anti-ERK (1:1,000, Cell Signaling Technology), anti-VEGF (1:1,000, Abcam), and anti-TGF-β (1:1,000, Cell Signaling Technology). After incubation with horseradish peroxidase (HRP)-conjugated secondary antibodies (1:5,000, Santa Cruz Biotechnology) for 2 h at room temperature with gentle agitation. Proteins of interest were detected using the enhanced chemiluminescence method (ECL, Thermo Scientific). Western blots were scanned using a ChemiDoc XRS+ system (Bio-Rad) and semi-quantification was performed using ImageJ 1.40 software, analyzing the intensity of the grayscale images. β-Actin was used as a loading control.

ERG Data {#sec4.10}
--------

ERG was performed on P25 animals because the vasculature in the retina appeared to be normal. After dark adaption overnight, the mice were deeply anesthetized, and the pupils of the tested eye were dilated with tropicamide eye drops (Shenyang Xingqi, China). An active electrode was then inserted into the cornea of the tested eye, the reference electrode was inserted beneath the cheek mucosa around the tested eye, and the ground electrode was inserted into the skin of the tail. Full-field (ganzfeld) stimulation and the RETI port system (Brandenburg, Germany) were used to document ERG data. In our study, scotopic 0.01 cd.s.m−2, 3.0 cd.s.m−2 (maximal), and 3.0 cd.s.m−2 OP electroretinographs as well as photopic 3.0 cd.s.m−2 and 3.0 cd.s.m−2 flicker electroretinographs were recorded.

*In Situ* Nick End Labeling (TUNEL) {#sec4.11}
-----------------------------------

The *In Situ* Cell Death Detection Kit, TMR red (Sigma-Aldrich) was used to detect apoptosis. All processes were conducted according to the manufacturer's protocol. First, slides were fixed with 4% PFA for approximately 1 h, permeabilized in 0.1% citrate buffer (Beyotime Biotechnology, China) containing 0.1% Triton X-100 (Beyotime Biotechnology) for 2 min on ice, and then incubated in the TUNEL reaction mix at 37°C for 1 h in the dark. The slides were then incubated with DAPI (Vector Laboratories, USA) and observed under an Olympus FluoView 1000 microscope.

661W Photoreceptor Culture {#sec4.12}
--------------------------

661W cells were obtained from the University of Oklahoma, and these have been widely used for ophthalmic research. Cells were separated from retinal tumors in a transgenic mouse line. 661W cells express some of the same proteins as photoreceptors, including blue and green cone pigments as well as cone arrestin and transducin.[@bib45], [@bib46] These cells were cultured in DMEM/high-glucose medium containing 10% FBS at 37°C in an atmosphere of 5% CO~2~.

Cell Apoptosis Analysis by Flow Cytometry {#sec4.13}
-----------------------------------------

Annexin v-fluorescein isothiocyanate (FITC)/propidium iodide (PI) staining was used to detect apoptosis. According to the protocol, 661W cells were harvested after different treatments, and 100 μL of an Annexin v-FITC and PI (Sigma-Aldrich) mixture was added to the cells. Then flow cytometry was used to detect fluorescent cells. The number of apoptotic cells and the ratio of apoptosis in 661W cells were analyzed using BD FACSuite software.

RNAi {#sec4.14}
----

miR-24-3p mimics and inhibitors and their respective negative controls were purchased from RIBOBIO (Guangzhou, China). Cell transfection was performed following the instructions from RIBOBIO. Briefly, 661W cells were planted in 6-well culture plates and then transfected with miR-24-3p mimics (50 nM) and inhibitors (150 nM) using Lipofectamine 2000 (Invitrogen). Then microglia-derived exosomes were added to the plates (5 μg/mL). After 24 h of incubation, downstream experiments were conducted.

For IRE1α depletion, cells were transfected with siRNAs targeting mouse IRE1α (GenePharma, Shanghai, China) using Lipofectamine 2000 (Invitrogen, USA) following the manufacturer's instructions. The negative control was a non-silencing scrambled siRNA. Knockdown efficiency was measured by detecting target protein levels using western blotting.

miRNA Library Construction and Sequencing {#sec4.15}
-----------------------------------------

Total RNA from exosomes was used for miRNA library preparation and sequencing. The preparation and sequencing of exosome miRNA were performed by Ribobio (Guangzhou, China). A total of 50 mL of cellular supernatant was mixed with Ribo exosome isolation reagent, and exosome isolation was performed according to the manufacturer's instructions (Ribobio, China). Exosomal RNA was extracted by HiPure Liquid miRNA Kit/HiPure Serum/Plasma miRNA Kit (Megan, China). The quantity and integrity of the exosomal RNA yield were assessed by using the Qubit 2.0 (Life Technologies, USA) and Agilent 2200 TapeStation (Agilent Technologies, USA) separately. 50 ng exosomal RNA of the sample was used to prepare small RNA libraries by NEBNext Multiplex Small RNA Library Prep Set for Illumina (New England Biolabs, USA) according to manufacturer's instructions. The libraries were sequenced by HiSeq 2500 (Illumina, USA) with single-end 50 bp at Ribobio (Ribobio, China). For data processing, the raw reads were processed by filtering out poly "N," low quality, smaller than 17 nt reads by FASTQC to get clean reads. Mapping reads were obtained by mapping clean reads to the reference genome by BWA. miRDeep2 was used to identify known mature miRNA based on miRBase21 (<http://www.miRBase.org>) and predict novel miRNA. miRNA expression was calculated by RPM (reads per million) values (RPM = (number of reads mapping to miRNA/number of reads in clean data) × 10^6^). The expression levels were normalized by RPM; RPM = (number of reads mapping to miRNA/number of reads in clean data) × 10^6^.

Exosome Uptake by Photoreceptors {#sec4.16}
--------------------------------

To determine microglia-derived exosome uptake by photoreceptors, exosomes were labeled with a green fluorescent dye (PKH67; Sigma, USA) according to the manufacturer's instructions and then incubated with 661W cells at 37°C for 6 h. The cells were then washed with PBS three times and fixed in 4% PFA for 15 min. The cytoskeleton was stained with tetramethylrhodamine (TRITC)-phalloidin reagents (Cell Signaling Technology, USA), and nuclei were stained with DAPI (Invitrogen, USA). Fluorescence microscopy was used to detect exosomes in 661W cells. To detect whether miRNAs could be transferred from exosomes to 661W cells, real-time qPCR analysis (described subsequently) was used to measure the expression of miRNA in the recipient cells that were incubated with exosomes for 3--24 h.

Tube Formation Assays {#sec4.17}
---------------------

The RF/6A cell line was purchased from the China Center for Type Culture Collection (CCTCC). Tube formation was performed using RF/6A cells in co-culture with conditioned media from normoxic, hypoxic, and exosome-treated hypoxic photoreceptors *in vitro*. First, 96-well plates were pre-coated with 50 μL of Matrigel (Bedford, USA) for 0.5 h in a cell incubator. Then 1.5 × 10^4^ RF/6A cells per well were seeded on the Matrigel and cultured with the supernatant of 661W cells for 6 h. The length of the tubes was measured using Image Pro Plus 6.0 software, and fold changes in tube length were calculated.

Statistical Analysis {#sec4.18}
--------------------

Comparisons of means between two groups were analyzed by performing an unpaired Student's t test, whereas a one-way ANOVA with Bonferroni's multiple comparisons correction was used for three groups or more. A value of p \< 0.05 was considered statistically significant.
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